Abstract The aim of this paper is to use a knowledgedriven expert-based geographical information system (GIS) model coupling with remote-sensing-derived parameters for groundwater potential mapping in an area of the Upper Langat Basin, Malaysia. In this study, nine groundwater storage controlling parameters that affect groundwater occurrences are derived from remotely sensed imagery, available maps, and associated databases. Those parameters are: lithology, slope, lineament, land use, soil, rainfall, drainage density, elevation, and geomorphology. Then the parameter layers were integrated and modeled using a knowledge-driven GIS of weighted linear combination. The weightage and score for each parameter and their classes are based on the Malaysian groundwater expert opinion survey. The predicted groundwater potential map was classified into four distinct zones based on the classification scheme designed by Department of Minerals and Geoscience Malaysia (JMG). The results showed that about 17% of the study area falls under low-potential zone, with 66% on moderate-potential zone, 15% with high-potential zone, and only 0.45% falls under very-high-potential zone. The results obtained in this study were validated with the groundwater borehole wells data compiled by the JMG and showed 76% of prediction accuracy. In addition statistical analysis indicated that hard rock dominant of the study area is controlled by secondary porosity such as distance from lineament and density of lineament. There are high correlations between area percentage of predicted groundwater potential zones and groundwater well yield. Results obtained from this study can be useful for future planning of groundwater exploration, planning and development by related agencies in Malaysia which provide a rapid method and reduce cost as well as less time consuming. The results may be also transferable to other areas of similar hydrological characteristics.
Introduction
Groundwater is defined as subsurface water that fills all the pore space of soils and geologic formations below the water table (Freeze and Cherry 1979) . Groundwater flows in the aquifer layer towards the point of discharge, which includes wells, springs, rivers, lakes, and the ocean. Groundwater makes up about 60% of the world's freshwater supply, which is about 0.6% of the entire world's water (EPA 2009 ). Groundwater also is recognized as one of the most valuable natural resources, immensely important and dependable source of water supply in all climatic region of all over the world (Todds and Mays 2005) . The growing demand of these resource commodities in every part of the world are due to several reasons such as increment of population, agriculture, rapid industrialization (Pradhan 2009) , and urbanization (Ettazarini 2007) .
Groundwater is in severe demand in Malaysia where surface water supply is inadequate and non-existent. Groundwater also has become a highly researchable topic especially during water crisis of drought period and being suggested as alternative sources for surface water. For example in Malaysia, the whole of Selangor state has experienced severe water shortage in the early year of 1998. Recent study mentioned that the demand for water (surface and groundwater) in Malaysia has been projected to increase by 63% from 2000 to 2050. According to the Ministry of Natural Resources and Environment (NRE), Malaysia, groundwater in Malaysia is underutilized (only 2%) and need to be exploited further. This is due to the failure of recognizing vast potential of the invisible groundwater resources in the country.
Due to the growing importance of groundwater for urban area in Malaysia, this paper aims to collect a groundwater expert opinion survey as well as to utilize the capabilities of remotely sensed imagery coupling with GIS modeling technique for predicting groundwater potential zones in the Upper Langat Basin, Selangor. For more specific objectives, first is to extract the groundwater storage controlling parameters from satellite images, digital elevation model (DEM) and ancillary data such as map, report, and databases. Secondly, to delineate groundwater potential zones through integration of various thematic maps and analyzed using GIS modeling technique of weighted linear combination method. Lastly, the result of predicted groundwater potential map was validated by using actual groundwater borehole wells. The correlation and significant relationship among groundwater storage controlling parameters with respect to the groundwater occurrences was also tested.
Previous work
Generally speaking, conventional approaches for groundwater exploration using geological, hydrogeological, and geophysical methods involve high cost, time consuming, and uneconomical. Conventional methods of exploration may not be highly reliable due to assessment of diverse factors which affects the presence of groundwater. Remote sensing sensors with its advantages of spatial, spectral, and temporal availability of data covering large and inaccessible areas within short time has become a very handy tool in exploring, evaluating, and managing vital groundwater resources (Teeuw 1995; Jha et al. 2007) . Similarly, GIS is an efficient tool for manipulating and storing large volumes of data, integrating spatial and non-spatial information in a single system, offering a consistent framework for analyzing the spatial variation, allowing manipulation of geographical information, and allowing connection between entities based on geographical proximity (Pradhan 2010a (Pradhan , 2010b (Pradhan , 2011 Pradhan et al. 2010a, b, c) . Jha et al. (2007) categorized six major areas of remote sensing and GIS applications in groundwater hydrology: (1) exploration and assessment of groundwater resources, (2) selection of artificial recharge sites, (3) GIS-based subsurface flow and pollution modeling, (4) groundwater pollution hazard assessment and protection planning, (5) estimation of natural recharge distribution, and (6) hydrogeologic data analysis and process monitoring.
The use of remote sensing and GIS techniques has rapidly increased since early 1990s (Jha et al. 2007) in groundwater potential mapping with successful results (Chowdhury et al. 2009; Jasrotia et al. 2007 ). Many researchers have applied different types of GIS modeling techniques such as weighted linear combination (WLC) (Vijith 2007; Madrucci et al. 2008; Dar et al. 2011) , weighted aggregation method (Solomon and Quiel 2006; Prasad et al. 2008) , index overlay method (Muthikrishnan and Manjunatha 2008) , and multicriteria analysis of analytical hierarchy process (Chowdhury et al. 2009; Pradhan 2009 ). Statistical based approaches are also applied in groundwater potential mapping (Oh et al. 2011) .
On the other hand, few researchers (Dinesh Kumar et al. 2007; Thomas et al. 2009; Srivastava and Bhattacharya 2006; Chowdhury et al. 2009 ) have applied similar types of WLC approach for groundwater potential mapping. Based on the aforementioned literature review, number of groundwater storage controlling parameters or factors has been used in the groundwater potential studies. It is totally based on the author's interest or available datasets. Some of them have used four parameters (Saraf and Choudhury 1998) , five parameters (Ettazarini 2007) , six parameters (Ganapuram et al. 2009; Nagarajan and Singh 2009) , seven parameters (Ballukraya and Kalimuthu 2010; Srivastava and Bhattacharya 2006; Musa et al. 2000) , and nine parameters to generate groundwater potential map. However, none of researchers have used more than ten parameters in their groundwater potential studies.
Lithology, geomorphology, drainage pattern, lineament density, soil, topographic slope, land use, relief, and rainfall are some of the important parameters that have been frequently used by the researchers. Moreover, few other parameters that also has been used in groundwater potential studies such as recharge, surface water (Chowdhury et al. 2009 ), water divide zone (Pradhan 2009 ), distance to water bodies, resistivity (Dinesh Kumar et al. 2007 ), river gradient (Srivastava and Bhattacharya 2006) , overburden thickness, aquifer thickness, aspect, yield (Prasad et al. 2008 ), water table, clay depth, joints (Madrucci et al. 2008) , vegetation, infiltration capacity, runoff, moisture content, electrical conductivity, and water quality.
Recently, many studies have been reported using remote sensing and GIS for groundwater potential mapping in Malaysia. Musa et al. (2000) used an integrated remote sensing, GIS technique, and modified DRASTIC model to classify groundwater potential zones in Langat Basin. They have integrated eight spatial layers, i.e., annual rainfall, land use, soil, elevation, slope, drainage density, lithology, and lineament density for the generation of five categories of groundwater yield. They also found that almost all alluvial plains have high yield of groundwater while in the hard rock areas, groundwater yield was high in areas of high lineament and low drainage densities. Yahaya et al. (2007) also used modified DRASTIC model and SPOT satellite data in groundwater exploration studies for state of Kedah and Perlis. They used five thematic layer maps (rainfall, geology, land use, contour, and soil series) to produce a map of potential groundwater potential zone in Perlis state. However, the paper only presented the preliminary result of their study. In a recent paper, Surip et al. (2009) applied GIS-based weightage overlay for groundwater potential study in Perak. Their study utilized remote sensing images of Landsat and Radarsat in extracting surface information such as land cover and structural geology. Seven parameters involved consist of land use, rainfall, soil characteristics, elevation, lithology, geomorphology, and lineament density were analyzed using weighted overlay to identify the potential sites of groundwater.
From the above literature review, is it quite obvious that previously, not much work has been done on groundwater potential mapping in Malaysia. In this paper, a detailed groundwater potential zonation map was produced using remote-sensing-derived parameters and GIS. The purpose of this study was to provide a detailed groundwater potential zonation map based on knowledge-driven GIS model of the Upper Langat Basin.
Groundwater status in Malaysia
At present, less than 10% of the water usage is developed from groundwater resources in Malaysia. Domestic supply used about 70% of the groundwater, followed by industrial supply of 25% and 5% for agricultural uses (Karim 2006) . Based on Minerals and Geoscience Department (JMG) records which was reported by the NRE, a total of 9,817 groundwater wells were drilled including in the states of Sabah and Sarawak whereas state of Kelantan have the highest number of drills, i.e., 1,955. However, Karim (2006) stated that only 3,000 wells were being used for human needs in Malaysia. Groundwater is being significantly utilized for public water supply only in the state of Kelantan and Perlis. Meanwhile other states such as Terengganu, Pahang, Sarawak, and Sabah have used groundwater as a supplement in their water supply systems. In Kelantan itself, about 70% of the total water supply is derived from groundwater, primarily in the Kota Bharu areas. Rural population depends very much on groundwater for their daily requirements by using shallow dug wells (Suratman 2004) .
The distribution of groundwater potential in Malaysia can be broadly grouped into four main groups of aquifer: alluvial, limestone/carbonate, sedimentary and volcanic rocks, and crystalline igneous rocks (Zawawi 2002) . Detailed classification by Karim (2006) categorized the potential of groundwater resources into five main categories namely shallow and deep alluvium, aquifers in shallow and deep fractured rocks, and peat aquifer. The storage potential of groundwater in Malaysia is estimated to be about 64 billion cubic meters. The term "hard rock" commonly applies to hard and dense rocks with the main part of the groundwater flowing in secondary structures, mainly fractures (Solomon and Quiel 2006) . The occurrence of groundwater in hard rock terrain is found to be restricted and subjected to greater complexity (Krishnmurthy et al. 2000) . According to Yahya and Suratman (2009) , the hard rock aquifer in Peninsular Malaysia have been classified into three main groups, i.e., granite, sedimentary (sandstone/shale/mudstone, limestone, and phyllite/schist), and volcanic rocks.
JMG has been the lead government agency in groundwater-related activities in Malaysia (Karim 2006) . For example, JMG has conducted groundwater investigations, groundwater development projects, and groundwater monitoring programs for each state in Malaysia. JMG also has done some technical inspection for the purpose of licensing of the source of mineral water, and has given advisory and hydrogeological information services to developers and individuals and created a hydrogeology data base (MinGeoDat).
Study area: the Upper Langat Basin of Selangor

Study area characteristics
The study area is the Upper Langat Basin which is located at the south eastern part of Selangor state, Malaysia. It is within the latitude 2°53′ north to 3°15′ north and longitude 101°43′ east to 101°58′ east, with an area coverage of about 492 km 2 . This area includes several major towns such as Kajang, Cheras, Pekan Batu 9, Pekan Batu 14, and Pekan Batu 18 which is approximately 27 km from the city center of Kuala Lumpur. This area was chosen as a study area site because of several reasons. Firstly, the study region is mainly covered by a hard rock aquifer which is categorized under low and medium potential of groundwater. Secondly, the area has experienced the water shortage due to El Niño effect in the year 1998. Lastly, the important reason is that Empangan Langat supplies daily water usage to surrounding community areas as well as an electrical hydro project falls within the study area. The basin boundaries of the study area (Fig. 1) were delineated using GIS. The HECGeoHMS Extension of Arcview software was used for that purpose. GIS delineation is mainly based on DEM data.
The operation of HEC-GeoHMS watershed delineation consist of fill sinks, flow direction, flow accumulation, stream definition, stream segmentation, watershed delineation, watershed polygon processing, and watershed aggregation (Rumman et al. 2005) .
The climate of the area is typically tropical with significant characteristics of hot and wet seasons throughout the year with humid conditions. In general, the Langat basin has two monsoons a year, i.e., the northeast and southwest monsoons. The northeast monsoon occurs from November to March, while the southwest monsoon occurs from May to September. In between the two monsoons are lasts approximately 3 months, from October to December, while the rest of 9 months, i.e., starting from January to September experience dry seasons. Generally, the wet seasons have an average monthly rainfall of more than 300 mm. The monthly rainfall amount in the driest season is around 100 mm. The rainstorms usually last for a short duration with very high intensity. The number of rainy days in a year ranges from 140 to 210 days. The mean annual temperature is about 26°C for the period between 2005 and 2009 and with a mean maximum of 32°C and minimum of 24°C. January is the coolest month with mean temperature of 25°C, while April is the hottest with a mean temperature around 27°C.
The topography of the study area can be divided into three parts, i.e., mountainous, hilly, and low land areas (Musa et al. 2000; JICA 2002) . The mountainous area is located in the northeast part of the Basin. The mountainous part occupies 55% of the total area. It is strongly steep and characterized by high mountain tops with elevation ranging from 500 m to 1,500 m (Van Zuidam 1985) . The highest mountains are Gunung Nuang (1,493 m) and Gunung Hitam (1,210 m). The hilly areas are dispersed between the mountains and the plains. The hilly areas are characterized by gentle slope with elevation between 20 and 100 m. Meanwhile, steep slope of hilly areas have elevation from 100 to 500 m. The low land areas are situated in the southern part of the study area with elevation less than 20 m.
The current land use/land cover pattern of the study area consists of forest, clear land, manmade dam, other crop, rubber, oil palm, and urban areas. In the study area, forest and urban areas are dominant by covering 46% and 28% of the total area, respectively. In the study area, Sungai Congkak, Sungai Tekali, Sungai Sering, and Sungai Lui are the main streams in this basin. The four streams are tributaries of the Langat River. The Langat River flows along a valley in the mountainous areas to southwest direction into the Straits of Malacca. This study area is a popular tourist spot with many waterfalls and clear water streams.
Geology and geomorphological set-up
The detailed geology of the study area and its neighborhood was investigated or reviewed by several researchers (Yin 1976; Hutchinson and Tan 2009) . There are six different lithology exist in the upper part of Langat Basin. Hawthorden Schist is the oldest rock in the northern part of the study area. This formation is of carboniferous schist and phylilite which overlaid by Kajang Formation and Kenny Hill Formation (in the southern part of the basin). The Kajang Formation consists of schist with minor intercalations of limestone (marble) and phyllite. The Kenny Hill Formation is composed of a series of interbedded quartzites and shales with occasional phyllite. The granite rocks cover most part of the basin. The granite is categorized as granodiorite porphyry with fine-to medium-grained size and mesocatic. The Tekali quartz reef is believed to be intruded into Jelebu fault zone at granite unit. The structural trends in the study area are controlled by NNW-SSE and NW-SE fault. This area falls in Kuala Lumpur Fault Zone. A major strand of the Kuala Lumpur Fault Zone is the Ampang Fault that coincides with the Klang Gates Quartz Reef and joins the Kongkoi Fault eastward. Farther south, the Ulu Langat Fault coincides with the Tekali Quartz Reef that continues eastward into the Jelebu Fault. The hot spring occur within this fault zone of the study area is Dusun Tua hotspring (Hutchinson and Tan 2009) .
The geomorphological units in the study area are divided into six units such as denudational slope unit, denudational slope and hilly unit, denudation hilly and mountainous unit, water bodies, flood plain, and dyke. Denudational slope unit has dendritic drainage systems, slope gradient between 0°and 16°, maximum elevation of 100 m, and developed land due to flat areas. The area of denudational slope unit occupies about 20% of the total area. Denudational slope and hilly unit is the dominant geomorphology in the study area with 65% of the total area. It is characterized by slope gradient ranging from 16°to 35°with maximum elevation of 1,000 m and high density of drainage system. Denudational hilly and mountainous unit has slope gradient more than 35°with steep cliff. Floodplain unit occur due to sedimentation process along the river. It has gentle to flat slope and occupied 2% of the total area.
Data used
Nine groundwater storage controlling factors are selected as inputs for the models of delineation groundwater potential zones in this study, i.e., lithology, slope, lineament, land use, soil, rainfall, drainage density, elevation, and geomorphology (Table 1) . These factors were selected based on the availability of data. LANDSAT 7 ETM + imagery (path/row 127/58) acquired on 2 September 2001 obtained from Malaysian Remote Sensing Agency has been used for the preparation of thematic map of lineaments and geomorphology. In general the quality of the imagery is good and with less visible cloud of 10%. The topographical data of toposheets 3,756 Telok Datok, 3,757 Kuala Lumpur and Petaling Jaya, 3,856 Seremban and 3,857 Hulu Langat at 1:50,000 scale from the Department of Survey and Mapping Malaysia (JUPEM) in the format of autocad dxf was used to prepare slope, elevation, and drainage density. The thematic layer of lithology was extracted from available digital geological maps at scale of 1:63,360 published in year of 1976 and 1989 obtained from the JMG. Land use map was obtained in shapefile format from the Department of Town and Country Planning Peninsular Malaysia (JPBD). The soil layers were prepared by digitizing the soil maps acquired from the Department of Agriculture Malaysia (DOA). Rainfall data was requested from Malaysian Meteorological Department in excel data format. Then the data was interpolated in GIS environment to produce rainfall map of the study area. Next, the groundwater borehole wells data was obtained from the existing MinGeoDat database compiled by JMG. All the layers were spatially organized in the GIS environment with the same coordinate system. The map projection type used was Malayan Rectified Skew Orthomorphic (RSO) and datum as "Kertau."
Lineament density
Lineaments are manifestation of linear features which is developed by the tectonic activity that reflects a general surface expression of underground fractures (Pradhan et al. 2006; Pradhan and Youssef 2010) . It is a long and linear geological structure (fault and/or joint) that may be represented on satellite images as a straight course of streams, vegetation alignment, or topographic features such as aligned ridges. In the study area, lineament map was prepared by visual interpretation of geocoded satellite image using false color composite of bands 3,5, and 7, by morphological analysis using 1:50,000 scale topographical maps and the DEM. Contrast linear stretching of individual bands, sobel directional filtering, and high pass directional filtering (Srivastava and Bhattacharya 2006; Biswajeet and Saied 2010) was also performed to improve the interpretability of geological structure (Saraf and Choudhury 1998) . The extracted information then was carefully matched with the previous mapped structural features from existing published geological map. These techniques were performed to reduce subjective matter as well as may include artifacts on the basis of satellite data (Saraf and Choudhury 1998) . The concentration of lineaments is more in northeastern and southwestern part of the study area. The lineament map of the study area reveals the presence of structural features such as fault and lineaments. A total of 121 lineaments were identified with a rose diagram (the azimuth length and azimuth frequency plots) show two Hutchinson and Tan (2009) . Lineaments play an important role in groundwater recharge in hard rock terrains. Lineaments also act as conduits for groundwater flow, and hence, are hydrogeologically significant (Solomon and Quiel 2006) . It means that groundwater potential is high near the lineament zones. Lineament density map was prepared from the lineament map to identify the fracture concentration using IDW interpolation method (Raju and Reddy 1998) . Lineament density means cumulative length of lineaments per unit area (Edet et al. 1998) . In this study, lineament density was classified into five classes of equal intervals as proposed by Musa et al. (2000) Fig. 2a ). The highest lineament density (>0.0075 km/ km 2 ) is found in the eastern side of the basin whereas the lowest (<0.0015 km/km 2 ) is recorded as isolated patches over the entire basin. The area of higher lineament density has secondary porosity like joints and fractures. Lineaments are generally associated with zones of higher weathering/ fracturing and thus considered to be potential sites for locating high-yielding wells that increased permeability and porosity and conduits for movement of groundwater (Saraf and Choudhury 1998) or accumulation occur. Proximity to, density of lineaments, and lineament intersection do have some influence or as favorable sites on groundwater availability.
Geomorphology
Identification of geomorphological features in the study area was done by on-screen visual interpretation approach (VanderPost and MacFarlane 2007) by using digitally enhanced satellite image of Landsat (Saraf and Choudhury 1998) and input from available geomorphological map. The geomorphological features in the area can be categorized into five units (a) denudational hills, (b) denudational hill with flat to moderate slope, (c) floodplains, (d) water bodies, and (e) dykes (Fig. 2b) . The geomorphology of the study area is dominated by unit of denudational hills which covers 363.84 km 2 (73.95%). Denudational hill with flat to moderate slope units have 20.42% (100.50 km 2 ), floodplain 4.45% (21.90 km 2 ), dyke 0.79% (3.90 km 2 ), and water bodies 0.37% (1.83 km 2 ). In general, geomorphology reflects various landforms and structural features (Prasad et al. 2008) . Floodplains consist of recent alluvium deposited by the river and generally light blue in the image. During field investigations, floodplains unit is found to have occurred along the Langat River in the study area. It is considered as good potential areas for groundwater exploration and development because of more recharge in these areas. Surface water bodies like river, ponds, etc., can act as recharge zones, enhancing the groundwater potential in the neighborhood. Denudational hills are characterized by high topography and high surface runoff zones where the rate of infiltration is low or negligible with poor groundwater prospects (Rai et al. 2008) .
Slope angle
Slope is the change of elevation of a surface and the principal factor of the superficial water flow since it determines the gravity effect on the water movement (Ettazarini 2007) . In order to produce the slope map, firstly the elevation contours at 20-m intervals from topographic sheet was extracted. Next the DEM of the study area was generated using a linear interpolation method (Mohamad et al. 2005) . Then a slope map was derived from the DEM (Solomon and Quiel 2006) and classified into six different classes of slope gradient which is based on the hill slope development guidelines by NRE, Malaysia, i.e., 0-5°, 6-15°, 16-25°, 25-35°, 35-60°, and 60-90° (Fig. 2c) . The southern part as well as along the main river of the study area (45% of the study area) falls under the low degree of slope (0-5°). These flat to gentle slope area is categorized by very good category for groundwater storage due to the nearly flat terrain, slow of surface runoff allowing more time for rainwater to percolate (Prasad et al. 2008 ). The area with slope degree (6-15°) is considered as moderate. The area with a steep slope towards the northern and northeastern part of the study area is considered as poor groundwater potential due to higher slope, higher runoff (Jha et al. 2007 ) low infiltration, and poor rainfall recharge zones. According to Gopinath and Seralathan (2004) , a break in the slope (i.e., a steep slope is followed by a gentler slope) promote an appreciable groundwater infiltration. Slopes greater than 35°are considered constraints on groundwater favorability due to absence of springs and lack of accessibility for trucks and drilling equipments (Madrucci et al. 2008 ).
Lithology
The study area comprises of six geological units (Fig. 2d ) namely acid intrusive (undifferentiated), acid to intermediate volcanic, limestone/marble, schist, phyllite schist, and slate with some interbreeds of conglomerate and chert and rare volcanic, and schist phylite slate and limestone with minor intercalations of sandstone and volcanic (Yin 1986 ). As far as lithology is concerned, one needs to understand the characteristics of rocks in terms of their compactness, weathering status, joints, and fractures. Acid intrusive (undifferentiated) occupies the biggest area as about 73% of the total basin area. Acid intrusive of igneous rocks are primarily hard, compact in nature, and lack of primary porosity (Dar et al. 2011) . Groundwater movement is difficult in this rock type which is therefore assumed as poor groundwater potential (Thakur and Raghuwanshi 2008) . Therefore, this area was assigned to a low score. The southwestern part consists of schist, phyllite, and slate with locally prominent of limestone and sandstone. The area is generally considered as a high-potential zone for groundwater potential. Schist is the third prominent rock type unit in the central part of the basin. The metamorphic rocks such as schist generally seem to have higher groundwater potential than igneous. Other units of rock type are acid to intermediate volcanic, limestone, and schist and phyllite with minor intercalations of sandstone.
Soil
The soil map of the study area is shown in Fig. 2f and was prepared from the published soil map obtained from Department of Agriculture. The area is covered by eight different soil types: fine sandy clay, coarse sandy clay-clay, fine sandy clay loam, sandy clay, coarse sandy clay, sand, sandy clay, and sandy loam-sandy clay. The majority of the study area is dominated by coarse sandy clay which is about 46%. Meanwhile the southwestern part of the study area is covered by fine sandy clay. Sandy loam-sandy clay soil type is found along the main river of the study area. Clay soil only occupied one% of the study area. Soil ranking is related to the infiltration capability. Infiltration rate depends on soil thickness and grain size (permeability). Fine-grained soils have low permeability as compared to coarse-grained material. Sandy soils and coarse sandy clay are good according to their influence on groundwater occurrence due to light textured and excellent rate of infiltration (Srivastava and Bhattacharya 2006) . Meanwhile clay is classified as poor due to poorly drained, slowly permeable, severely eroded, and low hydraulic conductivity (Chowdhury et al. 2009 ).
Drainage density
Drainage map was derived from the JUPEM topographical map at 1:50,000 scale by importing from CAD format into GIS environment. The general drainage pattern of the basin is dendritic to sub-dendritic. Drainage pattern reflects the characteristic of surface as well as subsurface formation or underlying lithology. A drainage density map was prepared from drainage length per square kilometer. Drainage density of the sub basin can be grouped into five classes (Musa et al. 2000) : (1) Fig. 2f ). Very high drainage density is scattered in the western and northern part of the study area. Most of the southeast parts fall under high drainage density. The low and very low drainage density cover majority of the study area. Drainage density is an inverse function of permeability. The less permeable a rock is, the less the infiltration of rainfall, which conversely tends to be concentrated in surface runoff (Chowdhury et al. 2009) . A low drainage density region causes more infiltration (Srivastava and Bhattacharya 2006) and decreased surface runoff as compared to a high drainage density region. It means that areas having high density are not suitable for groundwater development because of the greater surface runoff (Dinesh Kumar et al. 2007 ). The presence of high drainage density indicates that springs are located near to the main stream, thus contributing to the amount of discharge. The amount and type of precipitation, intensity, and kind of vegetation and rainfall absorption capacity of soils influence the rate and quantity of surface runoff and affects the drainage texture of an area.
Land use
The land use map (Fig. 2g) . Land cover/land use plays a significant role in the development of groundwater resources (Shaban et al. 2006) . The nature of surface materials and the land use pattern control the infiltration and runoff (Dinesh Kumar et al. 2007) . Land cover and land use also affect evapotranspiration, volume, and timing and recharge of the groundwater system. From the land use point of view, croplands (rubber, oil palm, and other crop) as well as forest are an excellent site for groundwater exploration. Meanwhile urban area or built up land is given low score due to adversely affected recharge of the groundwater regime by inhibit precipitation through of the aquifers. Fig. 2 Groundwater storage controlling parameters maps a lineament density, b geomorphology, c slopel, d lithology, e soil, f drainage density, g drainage density, h rainfall, and i elevation of the study area Precipitation Rainfall is defined as the main driver of the entire hydrologic process and also as the principal recharge source for a fractured aquifer (Ettazarini 2007) . The precipitation map (Fig. 2h) was prepared using the annual rainfall measurement data from rainfall stations and by employing an IDW interpolation method. The annual precipitation map of the study area was divided into four categories of rainfall zones using 250-mm interval as proposed by Musa et al. (2000) ranging from 2,000 to 3,000 mm. The zone that receives less rainfall, i.e., 2,000-2,250 mm is given the low score which considered as nonfavorable to groundwater potential (Ettazarini 2007) . This is contrast to the zones that receives rainfall amounting to 2,750-3,000 mm and is assumed as very good groundwater potential with high score.
Elevation
Elevation map of the study area was produced from the DEM. The elevation map has been categorized into five classes as proposed by Musa et al. (2000) (Fig. 2i) . The classes are <20, 20-100, 100-500, 500-1,000, and >1,000 m. Higher elevation area with more than 1,000 m has a higher score compared to lower elevation area due to higher runoff. The elevation or relief in general directly reflects the terrain ruggedness, which is related with steeper topographic gradient as well as hydraulic gradient. Meanwhile the depression area of lower elevation (less than 20 m) comprising of 2.64% of the study area and has more recharge and increased infiltration.
Methodology
The methodology adopted in the present study is presented schematically in Fig. 3 . The methodology is adopted and modified from previous researchers such as Musa et al. (2000) . The following steps briefly described the methodology of the study area in general. In the first step of generation of thematic layers, digital image processing of the satellite data was carried out using ERDAS Imagine 8.7 and PCI Geomatica 9.0 for the extraction of lineament and Fig. 3 Methodological flow chart showing the various steps for predicting groundwater potential zones produce geomorphology features. Various standard digital image processing techniques such as filtering, contrast stretching, false color composite, and principal component analysis were applied to LANDSAT data for image enhancement and extract information. Next step involves with generation of thematic layers of drainage, lineament, lithology, land use, rainfall, and soil from different sources of ancillary data. These included further processing of existing maps of topographical map, land use, soil, and geological map. GIS software, ArcGIS 9.3, and ArcView 3.3 was used as the basic analysis tools for spatial management and data manipulation (Pradhan 2009 ). In the following step, all the above themes were converted into raster format. All the thematic maps were resampled to match the same spatial resolution of 20 m and projected into local projection of RSO coordinate system. DEM of the study area was generated from the contour lines. Then slope map was produced from the DEM. By using ArcGIS spatial analyst extension, lineament density and drainage density map was generated. Field verification was conducted for interpreted features. The weightage value which is based on the expert opinion survey was assigned to the classes of each of the nine spatial layers which are related on its importance to groundwater ( Table 2 ). The final step consists of integration of spatial layer to generate predicted groundwater potential map. Then all factors layers were integrated using WLC model in weighted overlay wizard of Arctoolbox to produce groundwater potential zonation map. With a WLC, factors are combined by applying a weight to each followed by a summation of the results to yield a suitability "S" map (Eastman et al. 1995) .
Where S is suitability, W i is the weight of factor i, and X i is the criterion score of factor i.
The groundwater potential map was grouped into four categories based on JMG generalized groundwater potential classes, i.e., low, moderate, high, and very high (Table 3) (JMG 2007) . Finally, the predicted map was overlaid with the tube well yield data of MinGeoDat for the purpose of model validation. For accuracy assessment, correlation coefficient was calculated using Microsoft excel software between percentage of predicted groundwater potential classification and groundwater well yield of cubic meters per hour (Table 4) .
Results and discussion
Identification of groundwater potential zones
For identification of groundwater potential zones, firstly the individual thematic layers and also their classes were Water bodies 8
Dyke 6 Denudational hills slope 5
Denudational hills Rubber 6
Other crop 6
Oil palm 6
Manmade dam 6
Clear land 4
Urban area 4 assigned to various weigthage based on the results of expert opinion survey (on the available questionnaire). Based on these parameters or factors, land use factor received a low weightage score of 2 considering its lower importance to favourability evaluation (Table 2) . It is followed by other three factors (rainfall, drainage density, and soil) that have weightage of 3. Next two factors were, i.e., elevation and slope which has moderate importance to groundwater potential with weightage value of 4. However, geomorphology and lithology are considered of high importance (weightage of 8). Meanwhile, lineament is given the highest weightage value of 9. This is because the study area is covered by majority of hard rock. The factors and their classes with higher values indicate the most favorable zones for groundwater prospects. Next, ARCGIS weighted linear combination was performed to generate groundwater potential zones of the study area.
Groundwater potential map produced in this study is shown in Fig. 4 . Classification of each potential zone is based on JMG generalized groundwater potential classes, i.e., low, medium, high, and very high (JMG 2007) . Analysis of the groundwater potential zones shows that the very high groundwater potential zones only constitute 0.44% of the Upper Langat Basin (less than 1%). High groundwater potential zones are seen at the central part along the main river system and constitute 15.93% of the basin. A moderate groundwater potential zone occupies the Fig. 5 . Map overlay between predicted groundwater potential map and groundwater storing controlling parameters found that the area having very high groundwater potential included flat area of slope degree ranging from 0 to 5, very low drainage density, and high lineament density. Flat areas of low slope degree 0-5 and very low drainage density are favorable to groundwater potential due to high infiltration rate. Zone of high groundwater potential zones are found also in slope degree (0 to 5), high lineament density, low drainage density, and geomorphology type of floodplain. Musa et al. (2000) only found two factors related to high potential of groundwater which is low drainage density and high lineament density. Zone of moderate groundwater potential zones are characterized by slope degree ranging from 6°to 15°, lithology type of schist, land use type of other crop, moderate drainage density, and moderate lineament density. Lastly, low groundwater potential zones include acid intrusive rock of granite and phyllite and schist, geomorphology type of denudational hill, high drainage density, slope degree more than 16°, low annual Fig. 4 Groundwater potential map of the study area rainfall intensity, high elevation, soil type of clay, and land use type of clear land and urban areas. Area with slope of more than 16°is unfavorable to groundwater due to high runoff that caused low infiltration. Acid intrusive of igneous rock is considered low potential to groundwater due to physical properties of primarily hard, compact in nature, and lack of primary porosity. Therefore, groundwater movement is difficult in these rock types. High drainage density indicates unfavorable site for groundwater occurrence. A denudational hill has low groundwater prospects because of runoff zones and low rate of infiltration. Urban area and clear land are classified as low potential due to the slowly permeable and low hydraulic conductivity. However, there are several incorrect classifications such as several small polygons of high potential zones at high elevation with slope degree more than 16°and low potential zones fall at coarse sand areas of soil type.
Model validation
The accuracy of the GIS model of predicted groundwater potential map was determined with the existing groundwater borehole wells compiled by the JMG (Table 4) . Furthermore, field checking was conducted to locate the position of groundwater borehole wells with the help of rapid geological mapping system (RGMS). RGMS is an integrated system which includes a portable data assistant, handheld global positioning system (GPS), digital camera, GIS software, and manual input for geological parameter through a customized user interface. The objective of the RGMS is to mark field observation and enter information in digital format during the course of field work. In RGMS system, a handheld GPS of GPSMAP 76S was used with "a standard" 15-m accuracy (Manap et al. 2006) .
From the data presented for groundwater borehole wells, there are 17 borehole wells with the yield ranging from 2 to 18 m 3 /h. The minimum depth of borehole wells is 6 m and maximum is 148 m. Average depth of borehole wells is 40.71 m. In term of well status, five borehole wells are categorized as active as compared to 11 borehole wells which are categorized as inactive. Only one is considered abandoned. Fifteen borehole wells is categorized under well usage for domestic, two well usage for industrials, and none for agriculture purposes as well as natural mineral water. Most of the borehole wells are in the group of fresh for water quality with TDS value less than 1,500 mg/l. No borehole well has saline water quality as well as TDS more than 1,500 mg/l (JMG 2007) . Descriptive statistics of groundwater borehole wells using SPSS software shows that mean yield of borehole wells in the study area is 7 m 3 / h. It falls under JMG groundwater potential classification as "moderate potential yield" (5 to 10 m 3 /h). There are no borehole wells with very high potential yield (>20 m 3 /h). Model validation of predicted groundwater potential zones with the groundwater borehole wells data shows 76% of accuracy whereas about 13 borehole wells correctly agreed with predicted groundwater potential zones. Only four borehole wells (PB0301, PB0552, PB0613, and PB0630) were fall incorrect. It means that generated groundwater potential map has a good agreement with the groundwater borehole wells. In this study, the statistical method of correlation coefficient was also calculated using Microsoft Excel. It is used to determine the degree of association between area percentages of predicted groundwater potential zones vs. mean yield of groundwater borehole wells in the particular zones. The correlation coefficient has value between −1 and +1. A value of +1 indicated perfect positive relationship, while −1 is a perfect linear relationship. A value of zero indicates no correlation. The higher the number, the higher the correlation is. The results showed that the correlation coefficient is 0.755. It means that the strength of correlation is high (Asuero et al. 2006) .
Proximity analysis of the groundwater borehole wells indicated that higher yields are located near to the lineament (Fig. 6) . PB0390 is the nearest well to the lineament at about 142.5 m. On the other hand, low yield well of PB0404 is located at 3.7 km away for the nearest lineament. Most of the high yield wells (10-20 m 3 /h) such as PB0299, PB0300, PB0301, PB0610, and PB613 are in the radius of not more than 350 m from the lineaments. A statistical analysis of yield and distance to the major lineaments reveals a negative low correlation coefficient of 0.326 and coefficient of determination R 2 of 0.106 (Fig. 6) . These results definitely support the hypothesis of fracture controlled groundwater occurrence. Proximity and statistical analysis was also performed to determine the significant correlation between dependent variables of well yield and explanatory variables of lineament intersection. However, the results indicated no significant correlation or little if any correlation (standardized coefficient=−0.138 and R 2 =0.019) between the two variables.
